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Improved diagnostic reagents are needed for the detection of Mycobacterium tuberculosis infections, and the
development of a serodiagnostic test would complement presently available diagnostic methods. The aim of the
present study was to identify novel serological targets for use for the future serodiagnosis of tuberculosis (TB).
We cloned and expressed 35 M. tuberculosis proteins as recombinant proteins in Escherichia coli and analyzed
their serodiagnostic potentials. By a two-step selection process, four superior seroantigens, TB9.7, TB15.3,
TB16.3, and TB51, were identified, none of which has been described before. The four novel antigens were
tested with panels of sera from smear-positive and smear-negative TB patients from areas both where TB is
endemic and where TB is not endemic, with recognition frequencies ranging from 31 to 93% and with a
specificity of at least 97%. The single most potent antigen was TB16.3, which had a sensitivity of 48 to 55% with
samples from Danish resident TB patients and a sensitivity of 88 to 98% with samples from African TB
patients. Importantly, the TB16.3 and the TB9.7 antigens were recognized by more than 85% of the samples
from TB patients coinfected with human immunodeficiency virus, a patient group for which it is in general
difficult to detect M. tuberculosis-specific antibodies.

Approximately one-third of the world’s population is in-
fected with Mycobacterium tuberculosis, and 7 million to 8 mil-
lion new cases of tuberculosis (TB) occur each year (49). The
majority of TB cases occur in developing countries with limited
resources, and today, the diagnosis of TB largely depends upon
clinical examination and radiographic findings, confirmed by
sputum smear microscopy and bacterial culture. Culture is not
useful as a first-line means of diagnosis due to the long culti-
vation period required for M. tuberculosis (6 to 8 weeks); there-
fore, confirmation of the diagnosis relies on sputum smear
examinations. However, smear microscopy has a sensitivity of
only 50 to 60%, and the detection rate in children and patients
coinfected with human immunodeficiency virus (HIV) is even
lower (for a review, see reference 41).

To improve the diagnosis of TB, more rapid diagnostic tech-
niques have been investigated in recent years. These methods
include the detection of M. tuberculosis components in clinical
specimens by PCR and immune reactions, based on the cell-
mediated immune (CMI) response or on humoral immune
responses. The in vitro CMI-based tests allow the early detec-
tion of latently infected individuals and are of tremendous
value for contact tracing and screening of high-risk groups in a
setting of low endemicity (10, 16). However, this method is not
suitable as an alternative to culture and microscopy in devel-
oping countries, as large proportions of the populations in
these countries are likely to be latently infected with M. tuber-
culosis (24).

A serological test is an attractive diagnostic method because
it is rapid, easy to perform, and robust and can easily be
implemented under the conditions commonly encountered in

developing countries, as it does not require living cells,
whereas the CMI-based diagnostic assays do. In recent years
considerable progress has been made in the identification of
serological antigens, and several promising seroantigens have
been identified. The 38-kDa antigen has been the most fre-
quently studied and has been included in a number of studies.
The sensitivities of assays with this antigen have been reported
to range from 16 to 80%, depending on the smear status of the
patient and the patient populations used in the studies (3, 27,
42; for a review, see reference 20). This antigen is also included
as a component in three different commercial immunochro-
matographic test kits (ICT Tuberculosis AMRAD-ICT [Am-
rad, Sydney, Australia], RAPID test TB, and PATHOZYME-
MYCO), which detect TB in from 25 to 64% of patients with
smear-negative and smear-positive TB (33, 34). Other antigens
tested as targets for serology-based tests include �-crystallin
(HspX), MTB48, and Mtb81 (21, 26, 27). Finally, ESAT6 and
CFP10, two antigens that have been used for CMI-based tests,
have also been evaluated as targets of humoral immune re-
sponses (14, 27, 42).

No commercially available serological test has so far shown
useful levels of sensitivity and specificity, which may be due to
the great heterogeneity of the antibody response in TB patients
(27), and it is therefore generally accepted that it will be nec-
essary to include several antigens in a future serodiagnostic
assay. Through the use of both cocktails of single proteins and
genetically engineered fusion molecules containing several an-
tigens, it has been demonstrated that the necessary improve-
ments in sensitivity can be achieved by combining the best
antigens (17, 22).

The aim of this study was therefore to identify additional
immunodominant serological antigens. For this purpose we
cloned and screened 35 recombinantly produced M. tuberculo-
sis proteins and identified four strongly recognized antigens
which have not previously been described as serological tar-
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gets. One of these, TB16.3, was the single most frequently
recognized antigen in patients both from regions where TB is
endemic and regions where TB is not endemic, as well as from
TB patients coinfected with HIV.

MATERIALS AND METHODS

Cloning of M. tuberculosis open reading frames into Escherichia coli expression
vectors. The cloning of ESAT-6, TB7.3, TB9.9, CFP10, TB10.4, CFP22, CFP25,
TB27.4, CFP29, TB37.6, and MPT64 has been described previously (1, 9, 19, 30,
32, 37, 43, 47).

The gene-specific primers used for cloning of the other open reading frames
included in the present study are listed in Table 1. The PCRs were conducted in
a 50-�l mixture with Taq� DNA polymerase (Stratagene, La Jolla, Calif.) and 10
ng of M. tuberculosis H37Rv DNA. The primer concentrations were 0.4 �M, and
the nucleotide concentrations were 250 �M. The PCRs were initiated by a

denaturation step at 94°C for 2 min, followed by 30 cycles of denaturation (94°C,
30 s), annealing (55°C, 30 s), and extension (72°C, 90 s) and, subsequently, a final
extension step (72°C, 10 min). The PCR products were cloned into N-terminal
His-tagged expression vector pMCT3 at the restriction sites indicated in Table 1
and transformed into XL-1 Blue cells. Mpt51 was cloned into the pMAL-cR1
expression vector (New England Biolabs, Beverly, Mass.).

Recombinant protein expression and purification. Recombinant antigens
ESAT-6, TB7.3, TB9.9, CFP10, TB10.4, CFP22, CFP25, TB27.4, CFP29, TB37.6,
and MPT64 were purified as His-tagged proteins as described previously (1, 2, 30,
32, 43). The recombinant 38-kDa antigen was kindly provided by M. Singh.
Recombinant antigen TB9.7 was purified as follows: E. coli cells expressing high
levels of rTB9.7 were lysed by sonication in 20 mM Tris-HCl (pH 8.0)–0.5 M
NaCl–8 M urea–10% glycerol (buffer A). The supernatant from this mixture was
loaded on a Talon column (Clontech, Palo Alta, Calif.), and the bound proteins
were eluted stepwise with buffer A containing from 5 to 100 mM imidazole.
Fractions containing TB9.7 were pooled and dialyzed against buffer A containing

TABLE 1. Primers used for PCR amplification and cloning

Rv no. of genei Forward primer sequence (5� 3 3�)a Reverse primer sequence (3� 3 5�)a

Rv0164 CTG AGA TCT CCA GTT TTG AGC AAG ACCb CTC CCA TGG GCA CAT GCC TTA GCT
GGCc

Rv0285 CTG AGA TCT ATG ACG TTG CGA GTG GTT CTC CCA TGG TCA GCC GCC CAC GAC CCCc

Rv0577 CTGA AGA TCT ATG CCC AAG AGA AGC GAA
TACb

CGG CAG CTG CTA GCA TTC TCC GAA TCT
GCC Gd

Rv0652 CCGGG AGA TCT ATG GCA AAG CTC TCC ACC
GAC Gb

CGTA CCA TGG GAG CTA CTT GAC GGT
GAC GGTc

Rv0984 CCC AAG CTT ATG GAA CAG CGT GCG GAGe CTC CCA TGG CGA CAC TCG ATC CGG ATTe

Rv1335 CTG AGA TCT ATG AAC GTC ACC GTA TCCb TCT GGG CCC GCT CAC CCA CCG GCC
ACGf

Rv1636 CTG AAG CTT ATG AGC GCC TAT AAG ACCe CTG CCA TGG CTA GGT GGT GTG CAC GAT
Cc

Rv1827 AC AGA TCT GTG ACG GAC ATG AAC CCGb TTTT CCA TGG TCA CGG GCC CCC GGT
ACTc

Rv1932 AC AGA TCT GTG CCC ATG GCA CAG ATAb TTT AAG CTT CTA GGC GCC CAG CGC
GGCe

Rv1984c AC AGA TCT GCG CAT GCG GAT CCG TGTc TTTT CCA TGG TCA TCC GGC GTG ATC
GAGc

Rv2110c CTGCCG AGA TCT ACC ACC ATT GTC GCG CTG
AAA TAC CCb

CG CCA TGG CCT TAC GCG CCA ACT CGb

Rv2140c GAGGA AGA TCT ATG ACA ACT TCA CCC GAC
CCGb

CATGAAG CCA TGG CCC GCA GGC TGC
ATGc

Rv2185c CTG AGA TCT GCG GAC AAG ACG ACA CAGb CTC CCA TGG TAC CGG AAT CAC TCA
GCCc

Rv2244 CTG AGA TCT CCT GTC ACT CAG GAA GAAb CTC CCA TGG GAA ACC GCC ATT AGC
GGTc

Rv2462c CTG AGA TCT GTG AAG AGC ACC GTC GAGb CTC CCA TGG GTC ATA CGG TCA CGT TGTc

Rv2623 CTG AGA TCT ATG TCA TCG GGC AAT TCAb CTC CCA TGG CTAC CTA AGT CAG CGA
CTC GCGc

Rv2716 GGCCC AGA TCT ATG GCC ATT GAG GTT TCG
GTG TTG Cb

CGC CGT GTT CCA TGG CAG CGC TGA GCc

Rv3354 CTG AGA TCT ATG AAC CTA CGG CGC Cb CTC CCA TGG TAC CCT AGG ACC CGG GCA
GCC CCG GCc

Rv3451 CCTTGGG AGA TCT TTG GAC CCC GGT TGCb GACG AGA TCT TAT GGG CTT ACT GACb

Rv3592 CTG AGA TCT ATG CCA GTG GTG AAG ATCb CTC CCA TGG TTA TGC AGT CTT GCC GGTc

Rv3803 CTC GAA TTC CGC GGG GCC GGG TGC ACA
CAGg

GAG GAA TTC GCT TAG CGG ATC GCAg

Rv3891 CTG AGA TCT ATG GCA GAC ACA ATT CAGGb AAG CTT CCC GGG TCA GGA TCC GTG GCT
AGCh

TB9.4 CTG AGA TCT GTG GAG GTC AAG ATC GGTb CTC CCA TGG CTAC TTA CCC GCT CGT
AGC AACc

a The restriction sites used for cloning are underlined.
b BglII.
c NcoI.
d PvuII.
e HindIII.
f ApaI.
g Eco RI.
h SmaI.
i According to the nomenclature of Cole et al. (12).

58 WELDINGH ET AL. J. CLIN. MICROBIOL.



1 mM imidazole and were then purified through a second Talon column. Finally,
rTB9.7 was further purified on a Hitrap Q column (Amersham Biosciences,
Hillerød, Denmark) in 10 mM Tris-HCl (pH 8.5)–3 M urea–10% glycerol–0.01%
Tween 20–1 mM EDTA with a linear gradient of 0 to 1 M NaCl. Recombinant
TB51 was purified in a similar way, except that the second Talon column con-
tained 50 mM NaH2PO4–10 mM Tris-HCl–8 M urea–100 mM NaCl (pH 8.0)
and the bound proteins were eluted by pH steps, as described in the manual of
the manufacturer (Clontech).

MPT51 was produced as a fusion with the maltose binding protein and was
purified by affinity chromatography on an amylose resin column eluted with 10
mM maltose in a manner similar to that described by Oettinger et al. (31). The
remaining recombinant proteins included in this study were produced as de-
scribed above for TB9.7, but they were purified through only one Talon column
before proceeding to the Hitrap Q column. The purified recombinant proteins
were stored in 25 mM HEPES (pH 7.5)–0.15 M NaCl–10% glycerol–0.01%
Tween 20 at �20°C.

The protein concentration was determined by the bicinchoninic acid method
of Pierce Chemical Company (Rockford, Ill.).

Study population. Sera were collected from four different groups of individ-
uals. (i) Sera were collected from 119 HIV-negative TB patients (92 males and
27 females) recruited at Danish hospitals. Forty-nine were born in Denmark, 31
were born in Asia, 23 were born in southeast Africa, and 16 were born in other
parts of the world. Ninety-seven of these patients had pulmonary TB, and 92 of
these were culture positive for M. tuberculosis. One patient was culture negative
and smear microscopy positive; and four patients were culture and microscopy
negative. The diagnosis of TB for these five patients was based on X-ray and/or
clinical findings and/or patient history. Twenty-two patients had extrapulmonary
TB (12 lymph node, 6 pleural cavity, 1 intestinal, 1 paratracheal, 1 peritoneal,
and 1 psoas abscess). Thirty-one patients (27 with pulmonary TB and 4 with
extrapulmonary TB) were smear microscopy negative. Smear microscopy was not
performed for 23 patients (10 with extrapulmonary TB and 13 with pulmonary
TB). The mean age of the patients in this group was 43 years.

For the initial screening 18 serum samples (from 16 males and 2 females, 15
of whom had pulmonary TB and 3 of whom had extrapulmonary TB) were
selected on the basis of the presence of high levels of antimycobacterial anti-
bodies in the serum sample, as determined by an enzyme-linked immunosorbent
assay (ELISA) with M. tuberculosis short-term culture filtrate (ST-CF). A panel
of 48 randomly selected TB patients (34 males and 14 females, 37 of whom had
pulmonary TB and 11 of whom had extrapulmonary TB) was used as the deri-
vation panel (and for the establishment of the ELISA cutoff value). Ten patients
were smear microscopy negative, and smear microscopy was not performed for
12 patients. The 71 patients not included in the derivation panel (58 males and
13 females, 60 of whom had pulmonary TB and 11 of whom had extrapulmonary
TB) were tested as part of the validation panel. Twenty-one patients were smear
negative, and smear microscopy was not performed for 11 patients. For the
calculation of sensitivity with samples from patients with extrapulmonary TB,
samples from all 22 patients recruited at Danish hospitals and diagnosed with
extrapulmonary TB were included, regardless of the smear microscopy result.
Samples from all 27 patients with smear-negative pulmonary TB were used for
calculation of the sensitivity of detection of smear-negative pulmonary TB.

(ii) The second group, which comprised healthy volunteers living in Denmark
(n � 69; 36 males and 33 females) with no known exposure to M. tuberculosis, was
used as a negative control group. Thirty-five individuals had not been vaccinated
with M. bovis BCG, and 34 had been vaccinated with BCG more than 15 years
earlier. The mean age of the volunteers in this group was 41 years.

For the initial screening, six healthy non-BCG-vaccinated controls (three
males and three females) were used. The derivation panel included 32 healthy
controls (17 males and 15 females). Fifteen of these had been vaccinated with
BCG, and 17 had not. Twenty-five of these healthy controls were used as internal
controls in all experiments.

The validation panel included the remaining 31 healthy controls (16 males and
15 females). Nineteen of these had been vaccinated with BCG, and 12 had not.

(iii) The third group comprised HIV-negative pulmonary TB patients living in
Uganda (n � 72; 55 males and 17 females). All were culture and smear micros-
copy positive. The mean age of the patients in this group was 28 years.

(iv) The fourth group comprised HIV-positive TB patients living in Uganda (n
� 79; 48 males and 31 females). All were culture and smear microscopy positive.
The mean age of the patients in this group was 32 years.

The serum samples from Uganda were obtained through the World Health
Organization Tropical Disease Research Tuberculosis Specimen bank.

The study was approved by the Local Ethical Committee for Copenhagen and
Frederiksberg (approvals RH 01-282/96 and KF 01-369/98), and written consent
forms were obtained from the patients.

Antibody detection by ELISA. The antigen coating concentration of 1 �g/ml was
establish by testing three antigens (the 38-kDa, CFP21, and TB16.3 antigens) at
concentrations ranging from 5 to 0.1 �g/ml. The optimal serum dilution of 1:100 was
established by titrating 15 serum samples from 1:100 to 1:12,800 on ST-CF-coated
plates. All samples were run in duplicates. The ELISA procedure was performed as
follows: 96-well polystyrene microtiter plates (Nunc, Roskilde, Denmark) were
coated overnight at 4°C with 100 �l of antigen solution (1 �g/ml for single antigens
and 3 �g/ml for ST-CF) in 0.05 M carbonate buffer (pH 9.6). After the plates were
coated, they were washed three times with phosphate-buffered saline (PBS; pH
7.2)–0.05% Tween 20 (PBS-T), and serum samples diluted 1:100 in PBS were
applied and incubated for 1 h at room temperature. After the plates were washed
with PBS-T, they were incubated for 1 h with rabbit anti-human immunoglobulin G
antibody conjugated with horseradish peroxidase (D0336; Dako, Hillerød, Den-
mark) diluted 1:1,000 in PBS-T. The plates were washed with PBS-T, and enzyme
activity was assayed by incubation for 30 min at room temperature with 100 �l of
tetramethylbenzidine peroxidase substrate (Bio-Rad, Hercules, Calif.) per well. To
stop the reaction, 100 �l of 4 N sulfuric acid was added, and the optical density (OD)
was measured at 405 nm.

Data analysis. The ELISA results were analyzed by using cutoff values equal to
the mean OD for the healthy control serum samples plus 3 standard deviations.

To allow comparison between groups and to control for interplate as well as
day-to-day variations, the absorbance readings were transformed into arbitrary
units by defining the cutoff as 1 on the basis of the mean OD of 25 for the defined
healthy control serum samples plus 3 standard deviations. If the variation for
these serum samples was more than 15%, the data were discarded.

For statistical analysis, the difference between groups of TB patients and
healthy controls was calculated by the nonparametric Mann-Whitney rank sum
test by use of the SigmaStat software package (SPSS Inc., Chicago, Ill.). Differ-
ences were considered statistically significant if the P value was �0.05.

RESULTS

Selection of M. tuberculosis proteins recognized serologically
by sera of TB patients. We have cloned and produced 35 M.
tuberculosis proteins in E. coli, all of which have previously
been identified by proteomic or genomic approaches (Table 2).
Most of the proteins have been demonstrated to be expressed
in M. tuberculosis either in vivo or in vitro, and several of the
proteins were selected due to their recognition by T cells after
an M. tuberculosis infection. With a few exceptions (the 38-kDa
antigen and the ESAT6, CFP10, MPT64, and MPT51 anti-
gens), the antibody responses of TB patients to these proteins
have not been investigated previously.

For the first screening step we attempted to identify a broad
panel of targets by using sera from 18 selected TB patients who
all had high titers of antibody toward ST-CF, which is a com-
plex mixture of proteins from M. tuberculosis. The presence of
specific antibodies in these blood samples was compared to the
presence of antibodies in healthy controls, who were all nega-
tive for a response to ST-CF. In general, the antibody re-
sponses to the antigens could be divided into three different
categories, as illustrated in Fig. 1. For most of the antigens
(category 1) the antibody levels in the sera of TB patients were
higher than those in the sera of the healthy controls. This
should be compared to the category 2 antigens, to which the
sera from both the healthy controls and the patients had high
antibody levels. Finally, the third category of antigens was
characterized by low antibody responses by the sera from pa-
tients as well as the sera from the controls. Antigens in cate-
gories 2 and 3 were not selected for further analysis, and
although category 1 clearly contained antigens with diagnostic
potential, for several of the antigens only a small difference
between the signal in patients and that in the controls was
detected. We therefore applied a selection criterion based on
the difference between the mean for the responding patients
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and the mean for the controls. This allowed selection of the
antigens with the best discrimination between TB patients and
healthy individuals for use in a diagnostic ELISA. Antigens
with a mean OD difference of more than 0.2 were selected

(Table 2). Eleven of the antigens, the TB7.3, TB9.7, TB9.9,
CFP10, TB13.4, TB15.3, TB16.3, CFP17, CFP21, TB51, and
38-kDa antigens, fulfilled this criterion and were selected for
further analysis.

FIG. 1. Box-and-whiskers (25th to 75th percentiles) illustration of the three different types of patterns of antibody levels for 18 selected TB
patients with high antibody titers and 6 healthy controls tested with 35 different M. tuberculosis antigens. Category 1 represents TB patients with
high levels of antibodies and controls with low antibody levels (illustrated with antigen TB16.3), category 2 represents both TB patients and controls
with high levels of antibodies (illustrated with antigen CFP22), and category 3 represents both patients and controls with low levels of antibodies
(illustrated with antigen TB10.4). The median is shown as a line.

TABLE 2. Serological screening of 35 recombinantly produced M. tuberculosis proteins

Protein name Rv no.
of genef

Mol mass
(kDa) Reference(s) Response

catagorya
�OD
valueb Selectionc

TB7.3d Rv3221c 7.3 36 1 0.21 �
TB9.4 Rv3208A 9.4 11, 36 3 0.11 �
TB9.56 Rv0285 9.57 45 3 0.1 �
TB9.6 Rv1335 9.6 23 1 0.17 �
TB9.7 Rv3354 9.7 NPe 1 0.20 �
ESAT-6 Rv3875 9.9 44 1 0.18 �
TB9.9 Rv3872 9.9 7 1 0.27 �
TB10.4 Rv0288 10.4 36 3 0.1 �
CFP10 Rv3874 10.8 9 1 0.20 �
TB11.16 Rv3891 11.2 45 1 0.18 �
TB11.2 Rv3592 11.2 36 1 0.18 �
AcpM Rv2244 12.5 36 3 0.14 �
TB13.4 Rv0652 13.4 36 1 0.29 �
TB15.3 Rv1636 15.3 36 1 0.27 �
TB16.3 Rv2185c 16.3 36 1 0.23 �
MoaB2 Rv0984 16.8 36 3 0.12 �
CFP20 Rv1932 16.9 47 2 0.1 �
CFP17 Rv1827 17.2 47 1 0.27 �
TB18.5 Rv0164 18.5 36 1 0.19 �
TB18.6 Rv2140c 18.6 46 1 0.15 �
CFP21 Rv1984c 18.9 47 1 0.32 �
CFP22 Rv0009 19.2 47 2 �0.70 �
CFP25 Rv2301 19.7 47 1 0.15 �
CFP23 Rv3451 23.2 NP 3 0.12 �
TB24.6 Rv2716 24.6 NP 1 0.15 �
MPT64 Rv1980 24.8 29, 31 1 0.18 �
TB27.3 Rv0577 27.3 36 1 0.16 �
TB27.4 Rv3878 27.4 7 3 0.08 �
MPT51 Rv3803 27.8 29 3 0.12 �
CFP29 Rv0798c 28.9 37 1 0.19 �
PrcB Rv2110c 30.3 36 2 �0.1 �
TB31.7 Rv2623 31.7 36 2 �0.37 �
38-kDa antigen Rv0934 35.9 3, 4 1 0.47 �
TB37.6 Rv3873 37.3 7 3 0.13 �
TB51 Rv2462c 50.6 36 1 0.24 �

a Antigen response category defined from the antibody response patterns of 18 antibody-positive TB patients and 6 healthy controls.
b The change in OD (�OD) value is calculated as the mean OD for the control donors subtracted from the mean OD for the TB patient responders.
c All antigens with a change in the OD value of 	 0.2 were selected.
d Boldface indicates the antigens selected for further characterization.
e NP, not previously published.
f According to the nomenclature of Cole et al. (12).
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Establishment of cutoff and selection of the four most potent
serological antigens. The 11 antigens were then evaluated with
a panel of blood samples collected from 48 TB patients in
Denmark, and the antibody levels in the sera from these pa-
tients were compared to those in the sera from 31 healthy
controls. Individual cutoffs were established for each antigen
by use of the mean for the control serum samples plus 3
standard deviations, and the sensitivity and specificity were
calculated. For all 11 antigens, the median OD value between

the antibody level in the sera from TB patients and the level in
the sera from the healthy controls was statistically significantly
different (P � 0.001). More than 10% of the patient serum
samples recognized all antigens, and the most frequently rec-
ognized antigen was TB16.3, which was recognized by 55% of
the sera from the TB patients tested. All antigens had a spec-
ificity of 97% or greater (Table 3).

Between 10 and 20% of the sera from TB patients recog-
nized most of the antigens. However, more than 30% of the
sera from the TB patients tested recognized the four antigens
TB9.7, TB15.3, TB16.3, and TB51; these superior antigens
were therefore selected for further analysis.

Evaluation of the four best antigens with serum panels from
areas of high and low endemicities. The frequent presence of
TB9.7-, TB15.3-, TB16.3-, and TB51-specific antibodies in TB
patients was validated with sera from another panel of Danish
resident TB patients, African resident TB patients, and non-
exposed healthy controls by using the cutoff established in
Table 3, adjusted for day-to-day variance (Fig. 2). The data
confirmed that the sensitivities of the antigens selected were
from 30 to 50% with sera from the Danish residents, with a
specificity of at least 97%. In general, these antigens were more
frequently recognized, and the samples collected in Africa had
higher antibody titers than the samples collected in Denmark.
The most marked finding was that TB9.7 had a sensitivity of
85% with sera from African resident TB patients but a sensi-
tivity of only 36% with sera from Danish resident TB patients.

FIG. 2. Normalized levels of antibodies to the four antigens for TB patients resident in Denmark (DK) or Africa (Af) and for healthy controls
resident in Denmark with no known exposure to M. tuberculosis. Arbitrary units (A.U.) represent the OD for the sample test divided by the cutoff,
based on the mean for a defined panel of 25 healthy controls plus 3 standard deviations. The percentage of positive individuals is shown at the top
of each column.

TABLE 3. Sensitivities and specificities of the 11 seroantigens with
sera from 48 Danish resident TB patients and 32 Danish

healthy controls

Antigen Cutoffa Sensitivity
(%)

Specificity
(%)

TB7.3 0.47 10 100
TB9.7 0.37 34 100
TB9.9 0.37 15 100
CFP10 0.40 18 100
TB13.4 0.64 18 97
TB15.3 0.70 31 97
TB16.3 0.49 55 100
CFP17 0.57 13 97
CFP21 0.53 25 97
38-kDa antigen 0.52 19 100
TB51 0.40 31 100

a The cutoff was calculated as the mean for the control plus 3 standard devi-
ations.
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More than 65% of the serum samples from African patients
recognized all four antigens, and TB16.3 was the single most
frequently recognized antigen by the sera from both patient
populations, with recognition frequencies of 93% for sera from
African patients and 48% for sera from Danish resident pa-
tients. In comparison, antibodies specific for the 38-kDa anti-
gen were found in sera from 22% of the Danish TB patients
and 28% of the African population (data not shown).

Serological performance of the four antigens with samples
from smear-negative and extrapulmonary TB patients. By
present diagnostic methods, pulmonary TB and smear-positive
TB are often easily recognized, whereas the diagnosis of ex-
trapulmonary TB and smear-negative TB is more difficult. It
would therefore be an advance if a novel diagnostic tool could
be used with samples from these patient groups. We evaluated
the potential of the four serological antigens to identify pa-
tients with smear-negative pulmonary TB or extrapulmonary
TB (Table 4). For all antigens the sensitivities with samples
from patients with extrapulmonary TB and smear-negative TB
were more than 32%, and sensitivities of 41 to 68% were
obtained with TB15.3 and TB16.3 with samples from these
patient groups. However, only 15% of the samples from pa-
tients with pulmonary smear-negative TB recognized TB51.

TB9.7 is frequently recognized by TB patients coinfected
with HIV. A large proportion of TB patients are coinfected
with HIV, and it has been reported that HIV-positive patients
generally have lower levels of M. tuberculosis-specific antibod-
ies than HIV-negative patients (13). The sensitivities obtained
with TB16.3, TB9.7, TB15.3, and TB51 were therefore com-
pared with samples from HIV-negative and HIV-positive TB
patients (Table 5). All four antigens were also frequently rec-
ognized by samples (	50%) from this population; however,

they were recognized at a level lower than that observed for the
HIV-negative patients. One exception was TB9.7, the sensitiv-
ity of which was slightly higher for the patient group coinfected
with HIV. Although the difference was not statistically signif-
icant (P � 0.110), this result shows that the generally sup-
pressed antibody response in HIV-positive patients does not
preclude the strong recognition of some antigens, and TB16.3
and TB9.7 gave sensitivities as high as 88 and 91% with sam-
ples from this patient population.

DISCUSSION

In this study we used the ELISA technique to evaluate the
serological responses to a panel of 35 recombinantly produced
antigens from M. tuberculosis. After a stepwise selection pro-
cess we identified four antigens, TB9.7, TB15.3, TB16.3, and
TB51, that have serodiagnostic potential; none of these has
been described before. Sera from different groups of patients
frequently recognized these antigens; and the TB16.3 antigen
was the single most important antigen, with levels of recogni-
tion of 46 to 98% and maintenance of a specificity of 97%. The
TB9.7 antigen was particularly effective for the serodiagnosis
of TB-HIV coinfections and detected TB in 91% of these
patients, and the combination of TB9.7 and TB16.3 detected
TB in 96% of the HIV-positive patients (data not shown). In
our study the performances of these four novel antigens sur-
passed that of the 38-kDa antigen, which was recognized by 19
to 28% of the sera from the different patient subpopulations.
The 38-kDa antigen is the most frequently studied serological
antigen and is also a core component in several different com-
mercial TB serological tests (ICT Tuberculosis AMRAD-ICT,
RAPID test TB, and PATHOZYME-MYCO). The recogni-
tion frequency reported for the 38-kDa antigen varies tremen-
dously (from 16 to 94%), largely depending on the smear status
and disease manifestation. The first reports of the use of an-
tibodies specific for the 38-kDa antigen in TB patients for the
diagnosis of TB were done either by using purified native
38-kDa antigen (also called antigen 5 or antigen 78) or by
competition ELISA with an M. tuberculosis extract and specific
monoclonal antibodies (for a review, see reference 20). By
using the native purified antigen, 68 to 94% sensitivity and
	91% specificity were obtained by direct ELISA analysis (5, 8,
15). By a competition ELISA with soluble M. tuberculosis ex-
tract-coated plates and monoclonal antibodies specific for the
38-kDa antigen for the detection of competing antibodies in
human sera, 85% of smear-positive pulmonary cases, 74% of
cases of extrapulmonary TB, and 70% of smear-negative cases
were detected (48). However, in this study two of the five
controls (40%) were also positive. Both of these relatively
small studies are based on the recognition of the 38-kDa an-
tigen in its native form, either purified or present in a protein
mixture; and recognition of this antigen may be different from
that of the recombinant version of the antigen used in later
work, including the present study. It is well described that the
native 38-kDa antigen is a lipoglycoprotein, and similar post-
translational modification would not be expected for the re-
combinant antigen produced in E. coli (50). In this regard,
Samanich et al. (39) have reported differential humoral recog-
nition of recombinantly produced reagents and native anti-
gens, most likely as a consequence of the lack of posttrans-

TABLE 4. Sensitivities of the four best antigens with samples from
smear-negative patients and patients with extrapulmonary

TB patients.

Antigen

Sensitivity (%)

Extrapulmonary
TB patientsa

Smear-negative pulmonary
TB patientsb

TB9.7 32 37
TB15.3 41 41
TB16.3 46 66
TB51 32 15

a Group composed of 22 Danish resident TB patients with extrapulmonary TB.
b Group composed of 27 Danish resident TB patients with smear-negative

pulmonary TB.

TABLE 5. Sensitivities of the four best antigens with samples from
HIV-negative and HIV-positive TB patients

Antigen

Sensitivity (%) by the following HIV
infection status:

Negativea Positiveb

TB9.7 79 91
TB15.3 75 65
TB16.3 98 88
TB51 82 50

a Group composed of 72 African resident TB patients.
b Group composed of 79 African resident TB patients coinfected with HIV.
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lational modification and structural differences in the
recombinant proteins. Furthermore, it is possible that antigens
purified from a complex M. tuberculosis mixture may be con-
taminated with trace amounts of other M. tuberculosis proteins
and may thereby lead to false-positive responses. Gamma in-
terferon responses to native purified and recombinantly pro-
duced GroES were found to be markedly different; and in one
study it was concluded that the differences observed could be
due to the presence of trace amounts of other M. tuberculosis
protein components copurified with GroES, even though one-
and two-dimensional sodium dodecyl sulfate-polyacrylamide
gel electrophoresis analysis of the purified GroES protein
showed no visible signs of contamination (38). It is therefore
very likely that part of the explanation for the different per-
formances reported with the 38-kDa antigen may reflect dif-
ferences in the source of the antigen used. Later studies have
reported lower sensitivities with the recombinant version of the
38-kDa antigen, with sensitivities by the ELISA technique
ranging from 16 to 36% for smear-negative patients and from
36 to 67% for smear-positive patients (14, 26, 27, 42). More-
over, it is clear that there is also a significant variance in the
results obtained by using the same antigen with samples from
different populations, as observed, for example, by Houghton
et al. (22), who found that the frequency of recognition by use
of the same recombinant 38-kDa antigen preparation ranged
from 35 to 82% with samples from smear-positive TB patients
from four different geographic areas. In our study we also
observed a large variation in sensitivity when we tested the
same antigens with sera from TB patients living in Denmark
and sera from TB patients living in Uganda; and in accordance
with earlier results (20), we found that the highest proportion
of positive antibody responses was by serum samples from
regions where TB is highly endemic. In addition to the differ-
ences in ethnic backgrounds, it is likely that there is a differ-
ence in the stage of disease at which the patients from areas of
high and low endemicity are admitted to the hospital, and this
parameter may also influence the magnitude of the antibody
response mounted by the patients.

During recent years, antigens with performances similar to
or better than that of the 38-kDa protein have been identified.
In this study we have identified a panel of potentially promis-
ing, useful reagents. The increased pace of discovery programs
is due to improved methods, such as screening of expression
libraries (22, 26, 28) or (in our study) the systematic screening
of recombinant antigens. As discussed above, there may be a
marked difference in the performances of native and recombi-
nant antigens in serodiagnostic assays, and until recently, dis-
covery programs started out with the identification of target
molecules in native protein preparations, followed by recom-
binant expression and evaluation of the antigen. In this regard
we have applied a reverse discovery program in which antigens
have been evaluated and selected on the basis of their perfor-
mance as recombinant antigens. Most of the proteins included
in the present study have, however, also been mapped in pro-
teome studies of subcellular fractions of M. tuberculosis (36)
(data not shown). One of the promising seroantigens, TB9.7,
has not been described previously, and this protein was iden-
tified by N-terminal sequencing of protein bands in M. tuber-
culosis ST-CF fractions in a manner similar to that described
for antigen CFP21 (47). Analysis of the protein sequence of

TB9.7 in databases reveals no putative function of this protein;
but it contains a typical secretion signal, and sequencing of the
N terminus of native material showed cleavage of the signal
peptide from the mature proteins (data not shown). This pro-
tein would therefore be expected to be present outside the
bacterium, and in accordance with this, TB9.7 is found in the
culture filtrate (36). TB15.3, TB16.3, and TB51 are all present
in cell wall preparations of M. tuberculosis proteins and may
therefore also be present on the outside of the mycobacterium.
Putative functions have been assigned only to TB51, which has
homology to chaperone proteins and which is assigned to the
functional class involved in cell wall and cell processes, accord-
ing to the nomenclature of Cole et al. (12).

It is striking that the best serological antigens identified in
this study are all antigens that are secreted or present in the
cell wall of M. tuberculosis. Other secreted or cell wall-associ-
ated proteins which are described as good serological targets
are the 38-kDa antigen, members of the antigen 85 (Ag85)
complex, and MPT32 (22, 39, 40); and one of three novel
seroantigens identified by Houghton et al. (22), Mtb8
(Rv0379), is most likely a cell wall-associated transporter pro-
tein. As the presence of M. tuberculosis-specific circulating
antibodies does not play a role in the outcome of the disease,
the parameters needed for the development of an antibody
response have not yet been defined. However, even though M.
tuberculosis is an intracellular bacterium and is therefore pro-
tected from the actions of antibodies, it is possible that the
cellular localization of the antigen may influence the accessi-
bility and, subsequently, the production of antibodies specific
for M. tuberculosis antigens. Interestingly, cell wall- or mem-
brane-associated proteins have been identified as immuno-
dominant B-cell targets in other intracellular bacterial species,
such as Chlamydia, Listeria, and Ehrlichia (6, 18, 25).

The advantage of using an antibody-based assay instead of
CMI-based techniques is that a serological assay can be devel-
oped into a simple and robust kit format ideal for use in a field
setting in, for example, a developing country. In this study we
have used sera from TB patients from regions of both high and
low endemicity to identify serological targets that are fre-
quently recognized by sera from both patients groups. It is now
generally recognized that latently infected people are positive
by CMI-based assays that use ESAT-6 and CFP10 as the an-
tigens (24, 35). Whether these people also have antibodies
specific for M. tuberculosis antigens is not known, but investi-
gation of this parameter is important, as this will markedly
influence the performance of a serological test in an area
where TB is endemic. Therefore, a study of the response to the
selected antigens in community controls from an area where
TB is endemic is an important study that must be performed.

We have identified four potent serological antigens which,
when used in combination, had a very high predicted sensitivity
for the detection of TB in 75% of the Danish donors and 97% of
the African donors (data not shown). It is apparent that attempts
to fuse these antigens into a hybrid molecule should be made and
that a single molecule should be produced in a way similar to that
described previously (22). This would simplify the production and
greatly reduce the cost of a future serology test kit, which is an
important concern if the test is to be viable in the developing
world. Of concern with the use of this strategy is whether the
conformational B-cell epitopes will be conserved in such a hybrid
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molecule. This will need to be thoroughly examined by using the
single proteins for comparison.
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